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CpG Oligodeoxynucleotides Protect Normal and SIV-Infected 
Macaques from Leishmania Infection 1 

Daniela Verthelyi, 2 ' 3 * Mayda Gursel,* Richard T. Kenney, f Jeffrey D. Lifson,* Shuying Liu, § 
Joan Mican, § and Dennis M. Klinman* 

Oligodeoxynucleotides containing CpG motifs (CpG ODNs) mimic microbial DNA and activate effectors of the innate immune 
response, which limits the spread of pathogens and promotes an adaptive immune response. CpG ODNs have been shown to 
protect mice from infection with intracellular pathogens. Unfortunately, CpG motifs that optimally stimulate humans are only 
weakly active in mice, mandating the use of nonhuman primates to monitor the activity and safety of "human" CpG ODNs in vivo. 
This study demonstrates that CpG ODN treatment of rhesus macaques significantly reduces the severity of the lesions caused by 
a challenge with Leishmania. Leishmania superinfection is common in immunocompromised hosts, particularly those infected with 
HIV. This study shows that PBMCs from HIV-infected subjects respond to stimulation with CpG ODNs. To determine whether 
CpG ODNs can protect retrovirus-infected primates, SIV-infected macaques were treated with CpG ODNs and then challenged 
with Leishmania. Both lesion size and parasite load were significantly reduced in the CpG-treated animals. These findings support 
the clinical development of CpG ODNs as immunoprotective agents in normal and HIV-infected patients. The Journal of Im- 
munology, 2003, 170: 4717-4723. 



Stimulation of the innate immune system by determinants 
expressed by infectious microorganisms serves to limit the 
early spread of a pathogen while promoting the develop- 
ment of Ag-specific immunity (1). Unmethylated CpG motifs 
present at high frequency in bacterial but not vertebrate DNA are 
recognized by Toll-like receptor 9 expressed by B cells and plas- 
macytoid dendritic cells (DCs) 4 (2-4). The interaction of Toll-like 
receptor 9 with CpG motifs triggers an immune cascade, resulting 
in improved Ag uptake/presentation by APCs and the secretion of 
polyreactive Ig, chemokines, and cytokines by B cells, NK cells, 
DCs, and monocytes (5, 6). Synthetic oligodeoxynucleotides 
(ODNs) expressing CpG motifs mimic the immunostimulatory ac- 
tivity of bacterial DNA (7). 

There is considerable interest in developing novel agents that 
improve host resistance against infectious microorganisms. Stud- 
ies in murine models indicate that CpG ODNs facilitate host clear- 
ance of infectious pathogens such as Leishmania, Listeria, and 
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Francisella tularensis (8-11). Protection is observed even in T 
cell-depleted immunodeficient mice, raising the possibility that 
CpG ODNs might also help immunocompromised patients resist op- 
portunistic infections (9). Exploration of this issue using murine mod- 
els is of limited value, however, because the precise CpG motifs that 
are most active in rodents are poorly immunostimulatory in primates 
(due to evolutionary divergence in CpG recognition) (12-14). 

Two types of CpG ODNs that activate PBMCs from human and 
nonhuman primates have been identified (14-16). "D" type ODNs 
trigger plasmacytoid DCs to secrete IFN-a (17), monocytes to ma- 
ture into functionally active DCs (18), and NK cells to secrete 
IFN-7 (14, 17), whereas "K" type ODNs primarily stimulate B cells 
and monocytes to proliferate and secrete IgM, 1L-10, and IL-6 (15, 
17). To date, the ability of these ODNs to stimulate immune cells 
from immunocompromised donors or to provide protection in vivo in 
a relevant challenge model has not been examined. 

HIV-infected patients have multiple defects in immune reactiv- 
ity, reflecting a loss in the number and/or function of CD4 + T 
cells, NK. cells, macrophages, and DCs (19-22). These defects 
increase their susceptibility to opportunistic infections, which in 
turn accelerates the course of AIDS (23). One such opportunistic 
pathogen is Leishmania (24). Leishmaniasis is a protozoan infec- 
tion that causes skin lesions ranging in size from small spontane- 
ously healing papules to large mutilating ulcers (24). The course of 
infection is influenced by the nature of the host's immune re- 
sponse, with Thl-type immunity (high levels of IFN-7) being as- 
sociated with reduced parasite load and smaller lesions, whereas 
Th2-type immunity (increased IL-10) favors more severe disease. 
HIV-infected patients are more susceptible to infection and typically 
develop the more aggressive visceral form of the disease (25). 

The current study was undertaken to determine whether PBMCs 
from immunocompromised, retrovirus-infected primates can re- 
spond to D and K CpG ODNs. The protective activity of CpG 
ODNs in Leis/iman/a-infected rhesus macaques was then exam- 
ined (26). Results indicate that CpG ODNs enhance host resistance 
to infectious challenge by Leishmania, even when the subject is 
immunosuppressed. 

0022-1767/03/S02.00 
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Materials and Methods 

Oligodeoxynucleotides 

ODNs were synthesized by the Center for Biologies Evaluation and Re- 
search Core Facility. Sequences used were as follows (phosphorothioate 
bases in uppercase and phosphodiester bases in lowercase): D19, GGtg 
catcgatgcagGGGGG; D35, GGtgcatcgatgcaggggGG; D29, GGtgcaccggtg 
cagGGGGG; K3, ATCGACTCTCGAGCGTTCTC; K123, TCGTTTGT 
TCT; and K23, TCGAGCGTTCTC. Control ODNs included D122 
(GGtgcattgatgcagGGGGG) and K163 (TGCAGGCTTCTC). All ODNs 
had <0.1 endotoxin U of endotoxin per milligram of ODN as assessed by 
a Limulus amebocyte lysate assay (QCL-1000; BioWhittaker, Walkers- 
ville, MD). Previous studies from our lab have shown that individual hu- 
mans and monkeys vary in their responses to specific K and D sequences. 
Indeed, no single D or K motif is optimally stimulatory in all donors (27). 
However, mixtures of ODNs were identified that strongly stimulated 
PBMCs from all human donors (15, 27). These D or K ODN mixtures 
were used in our in vivo studies in macaques. 

Human PBMCs 

Buffy coats from healthy blood donors were obtained from the National 
Institutes of Health Department of Transfusion Medicine. PBMCs from 
HIV-infected subjects were obtained from the Infectious Diseases Section 
of the Department of Transfusion Medicine at the National Institutes of 
Health Blood Bank and from the National Institute of Allergy and Infec- 
tious Diseases (National Institutes of Health) after appropriate consent. 
Their clinical characteristics are summarized in Table I. 

Rhesus macaques 

Healthy 3-year-old rhesus macaques {Ma i mm I were obtained from 
the Food and Drug Administration colony in South Carolina. AH studies 
were Institutional Animal Care and Use Committee approved and were 
conducted in an American Association for the Accreditation of Laboratory 
Animal Care accredited facility. Animals were monitored daily by veteri- 
narians. No systemic or local adverse reactions to CpG ODNs were ob- 
served. Treatments were administered and peripheral blood samples ob- 
tained from ketamine-anesthetized animals (10 mg/kg, Ketaject; Phoenix 
Pharmaceuticals, St. Joseph, MD). 

Mononuclear cell preparation 

Mononuclear cells were isolated by density gradient centrifugation of 
PBMCs over Ficoll-Hypaque as described (14). Cells were washed three 
times and cultured in RPMI 1640 supplemented with 10% heat-inactivated 
FCS, 1.5 mM I -giutaminc, and 100 U/ml penicillin/streptomycin at 5 X 
10 5 cells/well in the presence of 1-3 jxM ODN. Supernatants were col- 
lected after 72 h and tested by ELISA for cytokine and Ab levels. 

Macaque treatment groups and protocol 

Study no. I. Eighteen healthy rhesus macaques (six per group) were 
challenged on the forehead on day 0 with 10 7 Leishmania amazonensis 
(PH8) metacyclic promastigotes intradermally (i.d.) as previously de- 
scribed (15, 28). Three days before and 3 days after challenge, 500 u-g of 
a mixture of K or D ODNs was administered i.d. at the same site. Control 
monkeys (n = 6) received saline. Animals developed a typical self-limited 
lesion in situ, characterized by erythema, induration, and ulceration. Lesion 
size, which reflects the severity of infection, was measured weekly in a 
blinded fashion. 



Study no. 2. Fourteen rhesus macaques chronically infected with SIV- 
mac239 were obtained by transfer to the current study after completion of 
a separate research protocol fully described by Lifson et al. (29). Six 
healthy macaques were included in the study as controls. The macaques 
were superinfected with 10 7 L. major metacyclic promastigotes i.d, Three 
days before and 3 days after infection, they were treated i.d. with 250 fig 
of D (n = 4) or K (n = 4) ODNs at the site of challenge. Healthy monkeys 
treated with saline (« = 6) and SIV-infected monkeys that received control 
ODN (« = 3) or saline (n = 3) served as controls, Lesion size and S1V 
viremia were measured weekly. Three monkeys (one from control ODN 
and two from K-treated groups) were euthanized during the study due to 
weight loss and/or uncontrollable diarrhea. On day 56, the lesions were 
biopsied, the surviving animals were euthanized, and the local and sys- 
temic parasitic load was measured. 

Parasite strains 

L. amazonensis promastigotes (PH8) were grown in medium 199 supple- 
mented with 20% FCS, 0.1 mM adenine (Life Technologies, Gaithersburg, 
MD), 25 mM HEPES (Life Technologies), 5 g/ml hemin (Sigma-Aldrich, 
St. Louis, MO), 1 g/ml biotin (Life Technologies), and Pen/Strep/L-glu- 
tamine (Life Technologies). L. major clone VI promastigotes (MHOM/ 
IL/80/Friedlin) were grown at 26°C in the same medium. Infective-stage 
metacyclic L. major promastigotes were isolated from 4- to 5-day-old sta- 
tionary cultures by negative selection using peanut agglutinin (Vector Lab- 
oratories, Burlingame, CA), whereas infectious L. amazonensis promastig- 
otes were purified by negative selection using mAb D5, as previously 
described (28, 30). In challenge experiments, 10 7 purified metacyclic pro- 
mastigotes suspended in RPMI 1640 were injected i.d. into the forehead of 
macaques (15). 

Parasite load 

Parasite load was estimated as described (28). Briefly, 2-mm 2 biopsies 
were taken, treated with 1 mg/ml collagenase A (Sigma-Aldrich) for 2 h at 
37°C, homogenized, filtered, and serially diluted in a 96-well flat-bottom 
microtiter plate containing biphasic medium, prepared using 50 jil of NNN 
medium containing 30% defibrinated rabbit blood and overlaid with 50 ju.1 
of M199/S. The number of viable parasites in each lesion was determined 
from the highest dilution at which promastigotes could be grown out after 
7 days of incubation at 26°C. The total number of parasites in the lesion 
was obtained by multiplying the number of parasites in the biopsy by the 
area of the lesion. 

Antibodies 

Ab pairs that recognize both human and macaque IL-6 (R&D Systems, 
Minneapolis, MN), and IFN-a (PBL Biomedical Laboratories, New Bruns- 
wick, NJ) were used in ELISA. Abs specific for human (Endogen, Woburn, 
MA) or macaque (Bender MedSystems, Vienna, Austria; Mabtech, Stock- 
holm, Sweden) were used to measure IFN-y. 

ELISA 

Ninety-six-well microtiter plates (Millipore, Bedford, MA) were coated 
with anti-cytokine Ab and blocked with PBS-5% BSA (12). Culture su- 
pernatants were added, and their cytokine content was quantitated by the 
addition of biotin-labeled anti-cytokine Ab followed by phosphatase-con- 
jugated avidin and phosphatase-specific colorimetric substrate. Standard 
curves were generated using known amounts of recombinant human cyto- 
kine. All assays were performed in triplicate. When supernatants from 



Table I. Characteristics of HIV-infected PBMC donors 





<200 CD4 + T Cells 


200-500 CD4+ T Cells 


>500 CD4 + T Cells 




9 


17 


17 


Age 


40 ±2 


39 ± 1 


37 ±2 


Race (white/black/Hispanic) 


4/4/1 


13/4/1 


8/7/2 


Gender (male/female) 


8/0 


15/2 


17/0 


CD4 + T Cells 


25 ±7 


317 + 20 


735 ± 67 


% CD4 + T Cells 


3 ± 1 


21 ± 1.9 


31 ±3 


Viral load 


27,000 ± 50,000 


1,828 ± 29,000 


663 ± 330 


Viral load range 


ND-75,000 


ND-500,000 


ND-35,000 


% CD56VCD16 cells 


9±2 


8.3' ± 1 


5.6 ± 1.6 


%CD19 + cells 


19.5 ± 5 


14 ± 1 


9 ± 2 


% CD.14 + cells 


19±2 


22 ± 1 


15.6 ±3 


% on HAART 


66 


66 


80 
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HIV/SEV-infected PBMCs were used, 0.02% Triton X-100 was added to 
the washing buffer to inactivate the virus. 

Cell proliferation assay 

A total of 10 5 PBMCs/well were incubated with 1-3 ODN for 68 h, 
pulsed with 1 ^Ci of [ 3 H]thymidine, and harvested 4 h later. All assays 
were performed in triplicate. Intraassay variation was < 1 5%. 

Flow cytometry 

Cultured cells were washed in cold PBS, fixed, and stained with fluores- 
cent-labeled Abs to CD4, CD56, CD16, CD19, B220, CD83, CD86, CD14, 
and MHC class II as previously described (18). Samples were washed and 
analyzed (20,000 - 40,000 events) on a FACScan flow cytometer (BD Bio- 
sciences, San Jose, CA). The number of DCs was obtained after gating on 
monocytes with proper electronic compensation. The data were analyzed 
with CellQuest software (BD Biosciences). 

Viral load measurements 

SIV plasma RNA levels were determined by a real-time RT-PCR assay, as 
described (31). 

Statistical analysis 

Statistically significant differences in cytokine and cell proliferation levels 
were determined using a two-tailed nonparametric rank sum test or 
ANOVA with Dunnett's post-test analysis. Spearmann's correlations were 
used to assess the relationship between viral load or number of CD4 T cells 
and response to ODNs. Differences in lesion sizes were tested by Friedman 
Repeated-Measures Analysis on Ranks with Tukey's All Pairwise Multiple 
Comparison Procedure using Sigma Stat (SPSS, San Rafael, CA). Differ- 
ences in parasite load were tested by t test of log-normalized data. 

Results 

PBMCs from normal and HIV-infected donors respond to 
CpG ODNs 

Retrovirus infection is associated with a progressive loss of im- 
mune function and increased susceptibility to opportunistic infec- 
tions. CpG ODNs that activate PBMCs from normal human donors 
(14) were assessed for their ability to stimulate cells of the innate 
immune system of HIV patients. Consistent with previous reports, 
K ODNs preferentially induced cell proliferation and IL-6 produc- 
tion in PBMCs from healthy subjects, whereas D-type ODNs stim- 
ulated the secretion of IFN-a and IFN-y (Fig. 1). As reported 
previously, pure phosphorothioate ODNs (non-CpG K-type con- 
trols) induced low-level, sequence-nonspecific cell proliferation. 
This phosphorothioate-dependent activation was significantly 
lower than that elicited by K ODN (p < 0.05) (5, 32). In addition, 
D ODNs, but not K. ODNs, triggered the maturation of DCs in 
vitro, as characterized by increased expression of CD83 and CD86 
(Fig. 2) (18). 

PBMCs from HIV-infected and healthy subjects responded sim- 
ilarly to K-type ODNs (Fig. 1), suggesting that B cells and mono- 
cytes retained their ability to respond to this form of immune stim- 
ulation. Although D-type ODNs induced a significant increase in 
cytokine secretion by cells from both donor populations (p < 
0.001), the IFN-a and IFN-y response of healthy controls signif- 
icantly exceeded that of HIV-infected subjects (p < 0.05 and p < 
0.001, respectively; Fig. 1). This reduced responsiveness to D 
ODNs correlated directly with the number of CD4 + T cells among 
the HIV-infected donors (p < 0.01; Fig. 3) and inversely with 
their viral load (p < 0.05; data not shown). No significant corre- 
lation between cytokine production and the number of CD56 + NK 
cells or CDl4 + monocytes was observed (data not shown). D 
ODNs also maintained their ability to trigger the maturation of 
DCs from HIV-infected donors. As seen in the examples in Fig. 2, 
the absolute number of mature DCs was lower in the unstimulated 
PBMCs from HIV-infected donors than in normal donors (0.13 ± 
0.06% vs 0.26 ± 0.07%, respectively; p < 0.05; data not shown). 
However, treatment with D ODNs increased the number of 



NORMAL DONORS HIV-INFECTED DONORS 




FIGURE 1. Response of human PBMCs to K and D ODNs. PBMCs 
from 16 healthy blood donors and 43 HIV-infected subjects were stimu- 
lated for 72 h with optimal concentrations of K3 (1 fiM), D29 (3 /xM), 
control K163 (1 iiM), or control D122 (3 nM). IFN-a, IFN-y, and IL-6 
levels in culture supernatants were determined by ELISA, whereas cell 
proliferation was assessed by [ 3 H]thymidine uptake. Note that D ODNs 
induce the secretion of IFN-a and IFN-y, whereas K ODNs induce higher 
cell proliferation and IL-6 production. All assays were perfonned in trip- 
licate. Statistical significance was determined by ANOVA of log normal-, 
ized data. *,p < 0.05; ***, p < 0.001. 



CD83 + CD86 1 cells by ~20-fold (to 2 ± 1% vs 6 ± 1%, respec- 
tively; data not shown) in both groups. 

PBMCs from normal and SI V-infected macaques respond to 
CpG ODNs 

Rhesus macaques provide a useful model for evaluating the activ- 
ity of CpG ODNs planned for human use (1 5, 1 6, 33, 34). Previous 
studies established that PBMCs from these animals respond to the 
same D and K. ODNs that activate human PBMCs (15). We com- 
pared the responses of PBMCs from 16 immunocompromised 
SIV-infected animals to those of 20 healthy macaques. Consistent 
with results involving PBMCs from HIV-infected patients, 
PBMCs from SIV-infected macaques responded normally to K 
ODNs in vitro (Fig. 4). Their IFN-a response to D ODNs, by 
comparison, was significantly reduced when compared with PB- 
MCs from healthy controls {p < 0.01; Fig. 4). Moreover, although 
healthy macaques responded to D ODNs by secreting IFN-y, no 
detectable IFN-y was detectable in PBMCs from SIV-infected 
macaques. 

Immunoprotective activity of CpG ODNs in healthy macaques 
Previous studies established that CpG ODNs can decrease the 
magnitude and duration of Leishmania infection in mice (8, 10, 
35). A self-limiting cutaneous L. amazonensis challenge model 
was used to evaluate whether CpG ODNs could similarly protect 
rhesus macaques (26). Macaques were injected i.d. on days -3 and 
3 with 500 jug of CpG ODNs that activate PBMCs from human 
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macaques 
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k 
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CD86 

FIGURE 2. D ODNs induce monocytes to differentiate into mature 
DCs. Mature DCs (CD83 + CD86 + ) were identified by FACS analysis of 
PBMCs from healthy and HIV-infected subjects. Note that the number of 
mature DCs in samples from HIV-infected patients increases 10- to 20-fold 
after 72 h of culture with 3 /J.M D ODN. Two representative examples of 
six experiments are shown. 



and nonhuman primates (15). On day 0, the animals were chal- 
lenged at the same site (forehead) with 10 7 metacyclic L. ama- 
zonensis promastigotes. Naive animals developed a cutaneous le- 
sion similar to those found in human cutaneous leishmaniasis (26), 
with a peak surface area of 4.4 ± 0.7 mm 2 on day 22 (Fig. 5). 
Lesion size was significantly reduced among macaques treated 
with D-type ODN (p < 0.001; Fig. 5). In contrast, the severity of 
Leishmania infection in animals treated with K ODN was not sig- 
nificantly different from that of the controls (p = 0.1). 




FIGURE 4. Response of PBMCs from SIV-infected and healthy rhesus 
macaques to CpG ODNs in vitro. PBMCs from 16 SIV-infected and 20 
healthy macaques were stimulated for 72 h with K, D, or control ODN. 
IFN-% IFN-a, and IL-6 levels in culture supernatants were determined by 
ELISA, whereas cell proliferation was assessed by [ 3 H]thymidine uptake. 
The detection limit for the assays was 20 pg/ml for IFN-y, IFN-a, and IL-6. 
All assays were performed in triplicate. Statistical significance was deter- 
mined by a one-way ANOVA of log normalized data. *, p < 0.05; ***, 
p < 0.001. 




CD4 + Tcells/ul 

FIGURE 3. Relationship between CD4 + T cell count and CpG ODN 
responsiveness. The response of PBMCs from HIV-infected donors (n = 
42) to D {upper two panels) and K {lower two panels) ODNs was stratified 
by CD4 T cell count. Data show the fold increase in cytokine production 
and proliferation of treated vs unstimulated cells. The correlation coeficient 
(CC) and the p value were obtained using Spearman's Correlations. 



Immunoprotective activity of CpG ODNs in SIV-infected 
macaques 

Based on the observation that CpG ODNs retain the ability to 
activate PBMCs from retrovirus-infected primates, their ability to 
reduce the severity of a Leishmania infection in SIV-infected ma- 
caques was examined. Macaques that had been infected >12 mo 
earlier with SIVmac239 and that had viral loads ranging from 0.3 
to 28 X 1 0 6 copies/ml were used in this study. The animals were 
stratified based on viral load and then were challenged with L. 
major metacyclic promastigotes (MHOM/IL/80/Friedlin). As 
shown previously, healthy macaques challenged with L. major de- 
veloped cutaneous lesions characterized by erythema, induration, 
and ulceration that peaked 25 days after challenge and resolved 
within 50 days (Fig. 6A and Ref. 15). Due to their immunosup- 
pressed state, the macaques developed severe progressive cutane- 
ous lesions that did not resolve. The severity of Leishmania infec- 
tion in animals treated with K ODNs was not significantly different 
from that of the controls. In contrast, macaques treated with D 
ODNs developed significantly smaller lesions, and their infection 
did not progress over time (Fig. 6A). 

Animals were euthanized on day 56, and their parasite burden 
was measured. Monkeys treated with D ODNs had a 35-fold re- 
duction in total parasite burden at the lesion site compared with 
SIV-infected animals treated with control ODNs or saline (Fig. 65; 
p < 0.001). No systemic spread of the parasites was evident in any 
of the groups. 
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Daty after infectious challenge 
FIGURE 5. Effect of CpG ODN treatment on cutaneous leishmaniasis. 
Macaques (six per group) were treated with 500 u.g of a mixture of D 
ODN, K ODN, or saline i.d. 3 days before and 3 days after an infectious 
challenge with 10 7 L. amazonensis metacyclic promastigotes. The mean 
and SEM of the area of the lesions is shown. Note that macaques treated 
with D ODN had significantly smaller lesions (p < 0.05). 




FIGURE 6. Effect of CpG ODN treatment on Leishmania lesions in 
SIV-infected monkeys. Macaques infected for >12 mo with SlVmac239 
were treated with 250 jxg of a mixture of D (n = 4) or K (n = 4) ODN i.d. 
3 days before and 3 days after an infectious challenge with 10 7 L. major 
metacyclic promastigotes. Controls include untreated healthy macaques 
(« = 6) and SIV-infected macaques treated with either control ODN (n = 
3) or saline (n = 3). A, Mean area of the lesions. B, Estimated total parasite 
load on day 56 in control vs D ODN-treated, SIV-infected macaques. Note 
that macaques treated with D ODN had significantly smaller lesions (p < 
0.05) as well as lower parasite loads (p < 0.001). 



Concurrent Leishmania infection can activate the HIV present in 
latently infected monocytes and T cells, thereby increasing viremia 
(36). Therefore, viral load measurements were conducted in Leish- 
maw'a-infected macaques every 2 wk throughout the study. No 
significant change in viral load was evident in any of the groups 
(data not shown). 

Discussion 

CpG ODNs stimulate the innate immune system, thereby improv- 
ing the host's resistance to infectious pathogens. Previous studies 
established that mice treated with CpG ODNs could survive oth- 
erwise lethal infections by Listeria, Franciscella, and Leishmania 
(8-11). Yet the CpG motifs that are highly active in rodents are 
poorly immunostimulatory in humans, limiting the utility of mu- 
rine models to examine whether CpG ODNs can protect primates 
such as humans (12, 15). This study establishes that K and D CpG 
ODNs induce PBMCs from both normal and immunosuppressed 
primates to mature, proliferate, and secrete cytokines. Moreover, it 
demonstrates that CpG ODNs enhance the ability of both normal 
and immunosuppressed primates to resist pathogen challenge, 

HIV infection results in not only a progressive reduction in 
CD4 + T cells, but also a decrease in the number and functional 
activity of NK cells and plasmacytoid DCs as viral load rises (20, 
21, 37, 38). Previous studies established that CpG ODNs activated 
PBMCs from normal donors; the present work extends that work 
to HIV-infected subjects. Although the number of mature DCs in 
the peripheral blood of HIV-infected donors is reduced (Fig. 2 and 
Refs. 21 and 39), PBMCs from retrovirus-infected humans and 
macaques responded to both D and K ODNs. Indeed, the magni- 
tude of the response to K ODNs was essentially unaffected by 
retroviral infection, although the response to D ODNs was reduced 
in HIV- and SIV-infected donors. It is unlikely that the changes in 
responsiveness to D ODNs observed in PBMCs from HIV-infected 
donors were related to their antiretroviral therapy because 1) no 
significant correlation between the CpG response and antiretroviral 
therapy was evident and 2) a similar reduction in the response to 
D ODNs was evident in untreated SI V-infected monkeys. Despite 
the decline in IFN-y and IFN-o response to D ODNs in SIV- 
infected macaques, the immune activation induced by these agents 
was sufficient to control a superinfection with Leishmania, 



Murine studies established that protection against this parasite 
correlated with the production of type 1 cytokines, particularly 
IL-12 (40). It was unclear whether CpG ODNs could induce pro- 
tection against Leishmania in primates because 1) primates and 
rodents respond optimally to different CpG motifs (12, 14) and 2) 
primates fail to produce large amounts of IL-12 when treated with 
CpG ODNs (41). Cutaneous infection of macaques with Leishma- 
nia provided a means for examining this question, because the 
nature, severity, and duration of this infection in macaques and 
humans is quite similar (26), and PBMCs from these species re- 
spond to the same CpG motifs (Figs. 1 and 4 and Refs. 15 and 28). 
As seen in Fig. 5, nonnal macaques treated with D ODNs devel- 
oped significantly smaller lesions than control animals or animals 
treated with K ODNs after L. amazonensis infection. D ODN treat- 
ment of immunosuppressed SIV-infected monkeys also yielded 
protection against cutaneous leishmaniasis, despite their inability 
to induce IFN-y, as reflected by smaller lesions and reduced par- 
asite load (Fig. 6). Although viceral leishmaniasis rather than cu- 
taneous leishmaniasis is of greatest concern in HIV patients, the 
reduced lesion size in these animals suggests that CpG treatment 
may contribute to the control of intracellular infections in these 
patients. 

Because D ODNs excel at stimulating the production of Thl 
cytokines and type 1 cytokines inhibit parasite proliferation, it is 
not surprising that D ODNs were the most effective at reducing the 
pathogenic effects of Leishmania infection (8, 42). In contrast, K 
ODNs neither stimulated Thl cytokine production nor had any 
significant effect on the onset, magnitude, or duration of the Leish- 
mania infection (8, 14, 17, 18). It is likely that functional differ- 
ences between D- and K-type ODNs are due to differences in their 
structures. K ODNs have a phosphorothioate backbone and opti- 
mally contain multiple TCGTT and/or TCGTA motifs. D ODNs 
have a mixed phosphodiester/phosphorothioate backbone, contain 
a single self-complementary purine/pyrimidine/CpG/purine/py- 
rimidine motif, and are capped by a 3' poly G tail (14). Ongoing 
studies suggest that these structural differences are associated with 
differences in the recognition, uptake, and/or processing of these 
two types of ODN by immune cells (43). 
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Over 30 million people are currently infected with HIV world- 
wide (44). Recent studies indicate that HIV patients are more sus- 
ceptible to leishmaniasis (an estimated 9% of AIDS patients are 
co-infected with Leishmania) (45). In addition to the compromised 
immune status, HIV infection has been shown to enhance the in- 
tracellular growth of Leishmania in macrophages (46), which may 
explain why HIV patients tend to develop more aggressive visceral 
forms of that disease (45, 46), Leishmanias, in turn, can increase 
HIV viral load by activating latently infected monocytes and in- 
ducing chronic T cell activation (36). Current studies demonstrate 
that type D ODNs can reduce the severity of Leishmania infections 
by 35-fold in immunosuppressed subjects. The persistence of le- 
sions even after D ODN treatment suggests that a combination of 
CpG ODNs with other antiparasitic agents may be required to cure 
this disease. Testing the efficacy of such combinations in both 
cutaneous and visceral models of leishmaniasis is an important 
goal of future research. Current results document that inducing a 
strong innate immune response can reduce host susceptibility to 
infection. Thus, CpG treatment may benefit normal individuals at 
increased risk of environmental exposure to infectious agents and 
may help to reduce the morbidity and mortality of opportunistic 
infections among the immunosuppressed. As such, CpG ODNs 
(alone or in combination with other agents) may become a valu- 
able addition to conventional antiretroviral therapy. 
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